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SUMMARY

A total of 43 tests was conducted at the Patuxent River Horizontal Accelerator facility. The
primary objectives of this effort were 1) to quantitatively determine the effect of varying helmet
weight and center of gravity (CG) during simulated rotary wing crash scenarios, and 2) to
perform data analysis using existing injury criteria to identify maximum limits for helmet weight
and CG for the extremes of the rotary wing aviator population. Recommendations of risks were
based upon aviator size, helmet mass properties, and impact severity. Standard 30-deg pitch
down helicopter crash pulses were examined. The pulses used were representative of standard
seat qualification crash corridors for a variety of rotary wing platforms. Testing included a
Hybrid IIT 95™ percentile male, a 50" percentile male, and a 5™ percentile female. In order to
achieve the necessary helmet weight and CG values required for the tests, a head-mass fixture
was developed and used in place of the manikin’s head. This fixture allowed weights to be added
both forward and laterally on the head to generate a wide array of weight and CG configurations.
A crash-repeatable rigid seat with a fixed generic restraint was used in all of the tests. A
validated computer model was used to refine the test matrix due to the large number of variables
within the study.

A comprehensive analysis of the data was performed using available injury predictors to
determine the likelihood of injury to the upper and lower cervical spine. These criteria, having
been developed and established by the automotive and military environments over the past four
decades, reflect the most current knowledge and understanding of cervical injury limits and have
been jointly agreed upon by the U.S. Navy and U.S. Air Force for use in such programs as
Stability Improvement Program and Joint Strike Fighter. While these are noncrashworthy
programs, the injury criteria are still valid for use in this study.

Results indicated that pulse severity was the most dominant variable examined during the study.
The effect of gender was more related to the different values for the neck injury limits that were
scaled according to weight. Therefore, despite the fact that the cervical forces and moments were
lowest in magnitude in the small female tests, because the injury criteria limits were also
reduced, the benefits were negated. Added head mass and CG statistically had very little effect
when contrasted with test variability. All of the aviator sizes tested passed the low severity tests
for all of the added head weights tested (up to 6 1b). For the medium severity tests, only the mid-
male and large male passed the neck injury criteria for all of the added head weights tested (up to
6 lb). The small female reached the limit at approximately 4 Ib. For the high severity tests, the
small female and mid-male failed for all of the added head weights tested. The large male passed
the neck injury criteria only for the lowest added head weight (2.8-3.0 Ib).

An analysis of variance (ANOVA) with a post hoc Tukey-Kramer test to determine the source of
the difference was conducted on the principal neck parameters to determine whether any of the
factors were statistically significant (defined as p<0.05). The results of the statistical analyses
indicated that for each of the manikin sizes tested, added head mass did not have a significant
effect on the magnitude of the force or moments measured. There was a significant effect of the
severity of the applied pulse for all parameters except lower neck tension. Since pulse severity
was the dominant factor, as compared to weight or manikin size, ANOVA for the effects of these
two factors were also conducted for each individual pulse type. Size was a significant factor (1)

1
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in the low severity tests for all parameters except the upper neck flexion moment, (2) in the
medium severity tests for all parameters except the lower neck tension, and (3) in the high
severity tests for all parameters except the upper neck tension. It is important to note that the
results of these statistics were based upon a small sample size with very few repeated measures.

The results indicated the importance, from a programmatic standpoint, of determining early on
what impact level (determined from the mishap data) would provide a sufficient level of
protection based upon the mission and user population. However, it is also recommended that
further testing be conducted to improve the statistical significance of each tested configuration.
Additional testing would provide greater confidence in quantitatively establishing the injury
threshold for all aviator sizes given changes to added head weight and impact condition. Mass
properties guidelines could then be modified based upon the improved dataset.

i1
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1.0 INTRODUCTION

1.1 BACKGROUND

1.1.1 By design, helicopters have some level of intrinsic crashworthiness. During ground
impact, when a helicopter crashes in a normal "belly first" configuration, the landing gear
assembly first compresses to failure. Once the landing gear system has failed, the airframe
structure crushes. This crush, transmitted to the floor of the cockpit and cabin, causes the floor to
buckle and transmits the force to the seat. The pilot and copilot seats are equipped with energy
absorbers that attenuate the force to allow no greater than 15 Gz to be transmitted to the
occupant. The seat strokes and the occupant lags the seat in this event. Once the seat bottoms out,
the occupant receives a marked acceleration (Gz) spike. This force is transmitted up the spine
and accounts for the large concern over lumbar and thoracic vertebral fracture. The crash event,
however, is not limited only to the vertical axis: the horizontal and lateral crash loads can be
extreme as well. Most commonly, the horizontal loads are of concern. After bottoming out, the
occupant begins pitching forward in the seat. The restraint systems, typically a four or five-point
restraint, allow forward movement due to the stretch of the webbing material. Once this stretch is
complete, the occupant’s thorax is abruptly halted, but the head and neck continue to translate
and rotate. This motion of the head and neck results in cervical tension and shear that approach
and can exceed injurious levels.

1.1.2 Helmet-mounted devices (HMDs) that are worn on the head are used for air-to-air and
air-to-ground targeting, night vision, forward looking infrared views, and flight control
information. As the number of features increases, the total weight of the system increases. Earlier
systems that provided a number of features, in addition to the basic functions of a helmet,
weighed close to 6 1b. Advances in modern materials have reduced this overall weight to 4.8 Ib
or less. While the total weight is important, the major factor in the injury potential is the location
of the center of gravity (CG) of the head and helmet system combined. Typically, the CG is
placed forward of the occipital condyles and results in high pitch moments about the occipital
condyles (C0/C1) and C7/T1 which are consistent with cervical injury. The neck injury potential
in helicopter crashes is due to force transmission from the vertical acceleration component,
extreme head and neck motion which places the neck in hyperflexion and distraction, and neck
compression and shear due to head contact with the crew station or cabin structures, sighting
systems, and flight controls.

1.1.3 In addition, female pilots are a part of combat missions, where historically they have not
been. Crashworthiness design criteria based on a male population will not be applicable to
females. Recent findings in vertebral gender differences indicate that males and females of
approximately the same size are at equal levels of risk to thoracic and lumbar injuries, but a
gender difference may exist in the cervical spine. At this region, females are predicted to have a
13% decrease in vertebral strength versus same-sized males. With the added weight and
increased use of HMDs, the potential for injury is increased.
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1.1.4 Currently, there is a lack of comprehensive data that can effectively predict the
probability of cervical injury during helicopter impact for varying added head masses and all
aircrew sizes. Modern systems are being fielded without a complete understanding of the risks
that the aviator will be subjected to in the event of a crash.

1.2 PURPOSE
1.2.1 The primary objectives of this effort were as follows:

a. To quantitatively determine the effect of varying helmet weight and CG during simulated
rotary wing crash scenarios using the MAthematical DYnamic MOdels (MADYMOs).
The MADYMO models were used to make predictions of inertial loads upon the neck as
a result of the helmet mass properties and to develop the mass/CG test matrix used for the
system level testing.

b. To use system level Horizontal Accelerator (HA) testing to validate the predictions of the
computer simulations and provide quantitative data regarding baseline and advanced
helmet configurations.

c. To perform data analysis using existing injury criteria to identify maximum limits for
helmet weight and CG for the extremes of the rotary wing aviator population. And to
make recommendations of risks were based upon aviator size, helmet mass properties,
and impact severity.

1.3 DESCRIPTION OF TEST EQUIPMENT

1.3.1 RIGID CRASHWORTHY SEAT SYSTEM

1.3.1.1 The rigid crashworthy seat is an in-house fabricated test fixture that represents the
seated position of a rotary wing aviator. The system is comprised of an aluminum frame seat pan
and seat back and was mounted at a 30-deg angle in the sagittal plane for all tests (figures F-1
and F-3). Attachment points for the restraint system are representative of an actual crashworthy
seat. A generic five-point restraint system was used on all the tests. Integrated into the restraint
system yoke, in place of a standard H. Koch and Sons MA-16 inertia reel, was a 3,000-1b Denton
1914 load cell to measure belt loading during the impact (figure F-2). The intent of the load cell
was to attempt to pretension the restraint system consistently for each test. Pretest preload of the
restraint system ranged from 36 to 44 1b throughout the entire test series. The restraint system
was replaced frequently during the testing, as specified by the Test Engineer. One-inch thick rate
dependent foam was used as a seat cushion. A back pad was used to rotate the torso 10 deg into a
more upright position for the highest severity crash pulse. The intent of this pad (validated from
simulation analysis) was to increase the forward component of the acceleration vector such that
measured upper body accelerations would more closely match those of an individual seated in an
actual stroking seat. The detailed test setup is shown in figure 1.
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Metal head fixture used |
in place of manikin head

% i <

/ I —— 7:" ; -
: \ Load cell integrated 30 Degree Pitch
with harness yoke 2 Down of Rigid Seat

Figure 1: Detailed Test Setup
1.3.2 ANTHROPOMORPHIC TEST DUMMY

1.3.2.1 Three anthropomorphic test dummies (ATDs) were used for this study: 1) a 95
percentile male Hybrid III (224 1b), 2) a 50" percentile male Hybrid III (184 Ib), and 3) a 5t
percentile female Hybrid III (118 1b). The ATDs were dressed only in thermal underwear. Pretest
positioning of the manikins complied with typical flight posture and was constant during all
tests. An in-house designed and fabricated aluminum head fixture (figure 2) was used in place of
each ATDs normal head. The fixture was designed to mount directly to the Hybrid III neck and
allowed weights to be bolted vertically (holes designated Z1-Z7), horizontally (holes designated
X-1, X1-X5), and radially (holes designated F1-F9) from the head pivot pin as well as at the
pivot pin (hole designated OC). Weights were added to the head fixture such that the added head
weight varied between 2.8 — 6.0 1b (figures F-4 through F-9), and the CG (referenced from the
head pivot pin) varied between 2.25 — 5.0 in. (not including the mass of the head). The angle,
theta (0), that the CG made with the head pivot pin ranged from 66.7 — 77.5 deg for all
configurations tested. It was desired to keep this angle between 65 — 75 deg, as this was felt to be
representative of the CG of existing HMD systems. An Excel spreadsheet was used to
mathematically determine CG location (radius and angle) for each configuration. The minimum
and maximum mass properties data (2.8 — 6.0 1b added head mass) for each manikin type is listed
in table 1.
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Table 1: Min/Max Manikin Head Fixture Mass Properties with Added Head Mass"

Manikin Total Head Mass CG Distance from OC MOIxx MOlyy MOlzz
Size (Ib) (in.) (angle) (Ib-in.%) (Ib-in.%) (Ib-in.%)
Small Female 2.79 3.71 79.4 deg 35.28 8.49 42.41
Small Female 5.92 5.67 68.4 deg 32.32 23.34 93.78
Mid-Male 2.87 3.18 53.2 deg 50.83 23.67 29.03
Mid-Male 6.00 5.66 65.1 deg 20.2 51.99 47.51
Large Male 2.89 2.85 47.6 deg 56.19 2.15 43.35
Large Male 6.01 5.44 66.9 deg 84.66 40.65 62.73

NOTE: (1) Mass properties ONLY include added head mass. Mass properties in this table were measured versus
calculated.

Figure 2: Metal Head Test Fixture

1.3.2.2  The upper neck load cell used in all three manikins was the Denton model J-1716. In
order to apply the cervical injury criteria, it was necessary to translate the measured y-moment
values from the load cell to the head pivot pin. This location on the manikin approximately
mimics the occipital condyles in a human. The equations used to accomplish this transformation
are shown in figure 3. In addition, a similar procedure was followed for the lower neck load cell
to translate the forces and moments to the base of the neck. The lower neck load cell used in the
manikins for the low and medium severity tests was the Denton model J-1794. However, it was
determined that the y-moment capability was being exceeded in the high severity tests.
Consequently, this load cell was replaced with the Denton model J-5832 that featured a more
robust range for recording the y-moment. The equations used to transform the forces and
moments in the lower neck load cells are shown in figures 4 and 5.




NAWCADPAX/TR-2004/86

Fz THE A¥ES SHOwN. ILLUSTRATE Fa BODY SEGMENT MANIPULATIONS FOR POSITIVE
iz THE DIRECTION OF APPLIED HZ _—FT LOAD CELL OUTPUT PER SAE J-211
FK  FORCETS TO THE HEAD FOR
POSITIVE LOAD CELL OUTPUT. Fx +FE HEAD REARWARD, CHEST FORWARD
FY +F¥ HEAD LEFTWARD, CHEST RIGHTWARD
MK% MY e +FZ HEAD UPW#RD, CHEST IOWNWARD
L} +hi LEFT EAR TOWARD LEFT SHOULDER

+HY CHIM TOWARD STERMUM
+HZ CHIM TOWARD LEFT SHOULDER

® REFRESENTS & FORCE WECTOR
DIRECTED OUT OF THE PAGE

¥ REPRESENTS & FORCE VECTOR
DIFECTED INTO THE PRGE

MOMENT CORRECTION EQUATION TO TRAMIFER
THE MEASURED MOMEMT FROM THE LOAD CELL
TO THE OCCIPITAL COWDYLE,
MOMENT ¥ #ABOUT OCCIPITAL COWDYLE

My MX+F Y (0.0,
Mpew MOMENT X ABOUT OCCIPITAL COMDYLE

M¥= MEASURED MOMEMT FROM LOAD CELL
F¥Y= MEASURED FORCE FROM LOAD CELL

0D 3

CENTERE OF FORCE ANI
MOMENT AKIT TO
OCCIPITAL COMDYLE

MOMENT ¥ #BOUT OCCIPITAL COMDYLE
Maem MY —F X<O.0.3

OGT

Mz MOMENT v ABOUT OCCIPITAL CONDYLE
M'ﬂ MEASURED MOMEMT FEOM LOAD CELL
F¥= MEASURED FORCE FROM LOAD CELL

0.D=00177aM OR 700 IMCHES

HOTEr THE LOAD CELL CALIBRATIOM DATA 15 REFERENCED
TO THE “RIGHT HAND RULE® AL APPLIED BY DEMWTON IRC.

i He s Lid TO CONWFORM TO S.AE J-211 SIGN COMVENTIOW, THE POLARITY
e THE AKES SHOWN ILLUSTRATE - OF THE DATA FOR FX AND MX MUST BE CHANGED,
THE DIFECTION OF APPLIED THIS POLARITY CHANGE AMD MOMEWT CALCULATIING APPLIES TO WODELS
nz FORCES TO THE MECK FOR - H2 1716, 2896, 3454 AND 3933 LY, FOR OTHER MODELT CONSULT THE
FX POSITIVE LOAD CELL OUTPUT. POLARCTY GUITE.
FE Fa HYBRID 111 UPPER MWECK LOAD CELL
FRONT “WIEW LEFT WIEW DUTPUT POLARITY PER S.AE, .-21I

=un NONE naa il BT
wm_ 414,94 pmrs 1716

3933 i BT SRR

3434 VO ALACE ETO¥LE + mp SURFHEE FINEH 1P, 7

2856 THPEE PLADE ECTWLE = D0 BEMEIVE ALL BBFE B IHARP FIRED
HMGELES [ a1 JMENTIN LINT? HELO AFTER PLATING

e |4

ADD MODELS En 0
Y p] % POPERLA DENONCWEe [T N6

Figure 3: Transformation Equations for the Denton Model J-1716 Upper Neck Load Cell

Fz s
i mé gg&_ﬁaﬂm\-‘gl‘_l:ﬁﬂggm FHZ TRAMNSFORMATION EGUATIONS
B FORCES TO THE MECK FOR Y FOF LOWER MECK LOAD CELL
r POSITIVE LOAD CELL OUTPUT, ( it WOMENT EORRECTION EQUATIOMG TO TRAHSFER
HE WF THE MEATLRED MONENT FROM THE LOAD CELL
@ AT POOWT & TO THE BASE OF THE WECK AT
LOWER MECK FOINT B,
LEARDELL: TRAMSFORMATION EQUATIONS
‘ Fy =F
Fy =Fyw
Iz
T FZ _FZM
POINT Me =M FmDz
My =Myt Rl Pz Dy
Mz =May=F Dy
AWHERE!

FKM 'FYH JFZM MKM MYM 'MZH
ARE THE FORCES AND MOMENTS MEASURED
IV THE LOWER MEDK LOAD CELL &ND

Wz THE AXED SHOWN ILLUSTRATE i
~ o "
= 5
POSITIVE LOAD CELL OUTPUT, F& Fe £y Fz 2 My Mz
FRONT WIEW ARE THE CALCULATED FORCET AND MOMENTS
LEFT WIEW AT THE CENWTER OF THE BATE OF THE NECK.
DUMHY SIZE
BODY SEGMENT MANIPULATIONS
FOR POSITIVE LOAD CELL OUTPUT ® REPRESENTS A FORCE WECTOR Mell-TEMILE: Ilia lien
DIRECTED OUT OF THE PAGE SOTH,93TH 2,00 1125
+FX  MECK REARWARI, CHEST FORWARD & YEAR OLD Les 534
+ET MECK LEFTWARDL CHEST RIGHTWARD 3 REPRESEMNTS A FORCE WECTOR BIOS[D 200 1000

+FZ  MNECK UPWARD, CHEST DOWMWARD DIRECTED INTO THE PAGE
+MX  LEFT EAR TOWARD LEFT SHOULDER
Y CHIN TOWARD STERNUM

+MZ CHIN TOWARD LEFT SHOULTER HYBREID III LOWER NECK LOAD CELL
OUTPUT POLARITY PER SAE. J-2i1

auw  NOME v i P UERY
NOTEr THE LOAD CELL CALIBRATION DATA IS REFEREMCED W JLJULYSS s 1794
1 T
=]

TO THE ‘RIEHT HAND RULE® AS APPLIED BY DENTOM INC. B s . e
TO CONFORW TO SAE J-2L1 SIGN CONWENTION, THE POLARITY ] i T AT oA &
OF THE DATA FOR Fi AND MY MUST BE CHANGED. A [REW& YR BIB DIM (nees WELES 1" &7

Li0] REVIZION DATE,

Figure 4: Transformation Equations for the Denton Model J-1794 Lower Neck Load Cell



NAWCADPAX/TR-2004/86

TRANSFORMATION EQUATIONS

T F2
THE RYES THOWM ILLUSTRATE
Boony  HEACETHINILURTEY " FOR LOWER MECK LOAD CELL
FORCES TO THE WECK FOR FORCE AhI MOMENT CORRECTION EQUATIONS

FY FOSITIWE LOAD CELL OUTPUT. ri TO TRAMZFER THE MEASURED FORCE AMD MOMEMT
L1 N FROM THE LOAD CELL AT FOINT & TO THE
HASE OF THE MECK AT FOINT B.

TRANSFORMATION EGUATIONG
PER J-21l AXIZ SYSTEW
F, =F,, COSG+F,SING

Fy =Fm

Py =FayCOSE Ry SING

My =M COSP+M o, SIS
—F(L72°ICOSh—F, (2.50°ISING
My =MytFalL 727 +F (2.5

M, =My, COS —M,,, SIND

i THE #¥ES THOWM ILLUSTRATE .50°
FY THE DIRECTION OF APPLIED W
FORCES 10 THE CHEST FOR = & e
Fi e POSITIVE LOAD CELL DUTPUT,  px % f} Fy(2. 3OO+ Ry (172 IS ING

et WHERE!

Fz @ FEPRESENTS 4 FORCE VECTOR FY
TIRECTED OUT OF THE PAGE Fz FrmFow Fa M Mo Moy
FRONT WIEW LEFT VIEW ARE THE FORCET AND MOMENTS FEASURED
X PEPRESENTS A FORCE VECTOR BY THE LOWER NECK LOAD CELL AND
DIRECTED INTO THE PAGE o M., Mo M
PODY SCGMENT MANIPULATIONS FOR SETTING ¢ why F2 My My My
POSITIVE LOAD CELL OUTPUT PER SAE J-B11 ()\ 1 1375 ARE_THE CALCULATED FORCES AhD MOMENTS
O Cﬁ F 11,95 AT THE CENTER OF THE BASE OF THE MECK,
+FX  MECK REARWARD, CHEST FORWARD e :
IFY NEGK LEFTWARD, GHEST RIGHTWARD D] g éuglg. 5?‘%7';51%1,5 I%E'IEI.T 5. SUBSTLTUTE
+FZ NECK UPWARD, CHEST DOWMNWARD 5 &555° 0635 FOF BS*

M LEFT EAR TOWARD LEFT SHOULDER
T CHIM TO'WARD STERMUM —R—$ S
+MZ CHIN TOWARD LEFT SHOLLDER = HYBREID III ADJUSTABLE LOWER MECK LOAD CELL

OUTPUT POLARITY PER SAE. J-211
=un _HONE }7-"-"“
wm 12 MARCHIS umns  E9592
[ e
TVO PLACE (LWL + mn UFFHEE FIKCH (L7
TBEE AAE ECRILT % 05 PEMIVE AL BRRD L 2Wem

MOTEr THE LOAD CELL CALIBRATION DATA IS REFERERCED

T0 THE "RIGHT HAND RULE® AS APPLIED BY DENTOMW INC,

T0 COWFORM TO SAE J-211 SIGN COMWVENTION, THE POLARITY o> ]
HIEET % & 31 IDENTIH LIS LD AFTER PLATING

OF THE DATA FOR F AND M MUST BE CHANGED,
» | PN Ao s ROBERT 4 DENTON, INC. [“To®% o

aml PEVTEIIH DATE FICHETER, HLLY, HIRHIGA

Note that the equations for the J-5832 are the same as those for the J-2992 shown above.

Figure 5: Transformation Equations for the Denton Model J-5832 Lower Neck Load Cell
1.3.3 HORIZONTAL ACCELERATOR FACILITY

1.3.3.1 The HA facility simulates typical decelerative crash forces associated with aircraft
mishaps by reversing the orientation of the test article and subjecting the test article to
accelerative forces from an initial velocity of zero. The HA consists of three main assemblies: 1)
the accelerating mechanism, 2) the test sled, and 3) the guide rails. The accelerating mechanism
is a 12-in. HYGE actuator that consists of a stainless-steel cylinder, divided into two 12-ft long
chambers. The energy required to produce the impact acceleration is generated within the
actuator cylinder by means of differential gas pressures acting up on a thrust piston. The rear
chamber contains compressed air used as the firing pressure. The front chamber is filled with
pressurized nitrogen, used to apply braking to the thrust assembly.

1.3.3.2 Upon actuation, air is introduced into the front chamber, accelerating the thrust
assembly forward. A metering pin, located between the two chambers, controls the acceleration-
time profile applied to the sled. A maximum force of 225,000 1b of gross thrust can be generated.
This force is reacted by a reinforced concrete block weighing 75 tons. The result is a smooth
transition of energy from the cylinder to the test sled. The length of the power stroke is variable,
controlled by the volume of hydraulic fluid within the front chamber.

1.3.3.3 The test sled is 12 ft long and 4 ft wide. It is attached to guide rails that allow the sled
to move away from the accelerator with minimum friction. After the accelerating stroke is
completed, caliper brakes mounted on the sled are automatically activated to grip the rails and
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decelerate the sled to a smooth stop. The total length of the rails is 100 ft. Essential
characteristics of the HA facility are:

e Maximum Acceleration: 50 Gs

e Maximum Velocity: 100 ft/sec

e Maximum Payload: 5,000 Ib at 20 Gs
e Power Stroke: 10 ft

e Pulse Shape: Variable

1.4. SCOPE OF PROJECT

1.4.1 ANALYSIS OF NAVAL HELICOPTER MISHAP DATA

1.4.1.1 Information was compiled on available Naval helicopter mishap data. Data regarding
Naval aircraft impact conditions were analyzed and plotted as cumulative frequency versus
resultant velocity for both land and water impacts (figures 6, 7, and 8). Only impacts that were
deemed significantly survivable were included on the figures. Significant survivable accidents
were defined as those in which substantial structural damage occurred and one or more major
injuries to the occupants. Nonsurvivable impacts were defined as those in which the impact
acceleration environment exceeded the known limits of human tolerance, and/or the occupied
volume was compromised such that survival would have been unlikely. Rotary wing platforms
that were included were as follows: AH-1, UH-1, H-2, H-3, H-46, and H-53.

Cumulative Frequency of Survivable Land Mishaps
Navy and Marine Helicopter Flight Mishaps, 1972-1981 (n=73)
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Figure 6: Cumulative Frequency of Survivable Land Mishaps
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Cumulative Frequency (%)

Cumulative Frequency (%)

Cumulative Frequency of Survivable Water Impacts
Navy and Marine Helicopter Flight Mishaps, 1972-1981 (n=62)
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Figure 7: Cumulative Frequency of Survivable Water Mishaps

Cumulative Frequency of Survivable Land and Water Impacts
Navy and Marine Helicopter Flight Mishaps, 1972-1981 (n=135)
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Figure 8: Cumulative Frequency of Survivable Land and Water Mishaps
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1.4.1.2  From these figures it was possible to determine the frequency of occurrence for each of
the three crash pulse velocities that were used during the testing (table 2). For example, the low
severity pulse represents 63% of all survivable Naval helicopter mishaps. This means that 63%
of the reported mishaps had a resultant velocity that was at or below this level. Or, in other
words, 37% of survivable accidents occurred above this resultant impact velocity. These pulses
were originally derived from dynamic structural crashworthy seat requirements tied to specific
aircraft platforms. However, it is unclear where these requirements were derived.

Table 2: Cumulative Frequency of Survivable Impacts
Navy and Marine Helicopter Flight Mishaps (1972-1981)

Frequency of Survivable Impacts
Proposed Test Crash Pulse (%)
Pulse Severity Resultant Velocity
Classification (ft/sec) Land Water Total
Low 25.0 65 58 63
Medium 315 74 66 71
High 50.0 93 84 89

1.4.2 COMPUTER MODELING

1.4.2.1 A computer model characteristic of a seated figure was validated using the MADYMO
modeling software (figure 9). The MADYMO model provided numerous advantages over
traditional testing methods such as repeatability, cost, and versatility. The model was validated
using data from an earlier phase of testing from this effort in which sled runs were performed
with an HGU-84/P helmet. After model validation, head weight, CG, and moments of inertia
were varied to determine the effect of these mass properties on the dynamic response and joint
forces/moments of the occupant. An analysis of neck injury was conducted on the results. Once
the models had identified approximately where the tolerable limits of helmet weight and CG
appeared to be (for a given occupant size and pulse severity), systems level HA tests were
performed at those limits. The data from the 4.0 Ib added head mass were compared with the
results of the simulations, as this was the only test configuration that was common to all
occupant sizes and test pulses used during the program. The mass properties of the test fixture,
used for the computer models, using the 4.0 Ib added head mass configuration are shown in
table 3.
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Figure 9: Seated MADYMO Model

Table 3: Manikin Head Fixture Mass Properties with 4.0 Ib Added Head Mass

Manikin Total Head Mass | CG Distance from OC MOIxx MOlyy | MOlzz
Size (Ib) (in.) (angle) (Ib-in%) | (Ib-in.%) | (Ib-in.®)
Small Female 12.11 2.55 70.1 deg 91.96 80.33 89.93
Mid-Male 13.55 2.60 68.6 deg 111.77 103.81 | 103.82
Large Male 14.72 2.51 72.2 deg 141.53 111.82 | 107.20

NOTE: (1) CG location from OC includes head and added head mass.

1.4.2.2 Computer modeling was also used to define the crash pulses used during the HA
testing. It was determined that the rigid crashworthy seat imparted a much greater acceleration to
the seated occupant than an actual stroking seat would. Cost and schedule prohibited using
stroking seats for all of the tests. However, simulations were used to determine the acceleration
profile that a typical stroking seat would ‘see’ during a standard helicopter impact test and this
profile was applied to the rigid seat. Since it was not possible for the HA to match this pulse,
simulations were conducted to determine whether a pulse approximation would adversely affect
the occupant dynamics. In addition, a back pad was used to rotate the torso 10 deg into a more
upright position for the highest severity crash pulse. The intent of this pad was to increase the
forward component of the acceleration vector such that measured upper body accelerations
would more closely match those of an individual seated in an actual stroking seat. The result was
a much closer correlation of the rigid seat simulation to the stroking seat model. The effect of
this condition was deemed insignificant for the low and medium severity tests and was validated
from simulation analysis. A comparison of the accelerations, forces, and moments of the

10
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occupant subjected to all of these sets of pulses demonstrated the acceptability of the final
approach (appendix A).

1.43 HORIZONTAL ACCELERATOR TESTING

1.4.3.1 Standard 30-deg pitch down helicopter crash pulses were examined. The pulses used
were representative of standard seat qualification crash corridors for a variety of rotary win

platforms. Testing included a Hybrid III 95™ percentile male, a 50" percentile male, and a 5'

percentile female. In order to achieve the necessary helmet weight and CG values required for
the tests, a head-mass fixture was developed and used in place of the manikin’s head. This
fixture allowed weights to be added both forward and laterally on the head to generate a wide
array of weight and CG configurations. A crash-repeatable rigid seat with a fixed generic
restraint was used in all of the tests. The input pulse supplied to the rigid seat was representative
of the acceleration observed by the seat pan of an energy-absorbing seat structure during a
standard 30-deg pitch down qualification test configuration for the rotary wing platforms
specified in table 4. The only exception to this was the third crash pulse configuration. This pulse
was representative of a lower level impact that was expected to be survivable for all occupant
sizes and added head masses. Yaw and roll conditions were not examined as part of this effort
for several reasons: 1) an analysis of mishap data demonstrated that nearly 60% of all impacts
have no roll component, and 80% of all impacts have no yaw component, 2) introducing these
variables into the testing increases the test complexity, and 3) neck injury criteria have only been
validated and accepted for the sagittal plane. By adding yaw and roll components into the tests,
the measured forces and moments in the sagittal plane are decreased, consequently jeopardizing
the validity of the results.

Table 4: Proposed Crash Pulses

Structural Airframe Crash Pulse as Experienced by Seat Pan of Stroking Seat
Crash Pulse (derived from Computer Simulation)
Rotary Wing | Crash Pulse | Crash Pulse AV Crash Pulse Crash Pulse AV
Platform (Peak G’s) (ft/sec) (Peak G’s) (ft/sec)
SH-60, UH-1, 45-50 45-50 19.0 45-50
V-22, H-53
AH-1Z 38 315 18.5 315
All 25-28 25 16.25 25

1.4.3.2 The instrumentation incorporated into the HA test sled and Hybrid III manikin included
linear and angular accelerometers, and force/moment load cells at the top and bottom of the
neck, thorax, and pelvis. All data were collected at 1000 Hz. Data were filtered at 100 Hz using
an 8-pole, zero-shift Butterworth filter.

1.4.3.3 A total of 43 successful tests was conducted as part of this study. Table 5 provides a
test matrix describing the impact orientation, pulse severity, occupant size, and helmet
configuration for each crash pulse simulated during this test program. The CG locations
presented in this table represent the CG of the total head and added head mass for each manikin
size. These test conditions are also shown graphically in figures 10, 11, and 12. Calculation of
this CG location was done through a program written in Microsoft Excel and used weights and
CGs for each of the manikin heads that were measured by the NAVAIR Helmet team.

11
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Calibration of the HYGE acceleration pulse signature was performed prior to conducting the
dynamic tests. Peak accelerations and velocities were maintained in accordance with the values
specified in table 5. Computer simulations determined that the magnitude of importance of the
variables used to define the crash pulse were AV (ft/sec), Peak Acceleration (G), G-Onset Rate
(G/sec), and Pulse Duration (At), respectively. The HA facility was successfully able to
accommodate the first two variables of the pulse while needing to sacrifice the last two. The
consequence of this tradeoff resulted in pulses that were typically longer in duration with lower
onset rates than the simulation study proposed. The Test Engineer deemed that this was
acceptable to meeting the requirements of the program. Examples of each of the sled pulses are
shown in figure 13.
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Table 5: Test Matrix for Horizontal Sled Tests
(All tests were 30-deg pitch down)

Test Manikin Test Pulse Added Head Weight Theta Weight
No. (Yoile) Configuration'” and CG Location® (deg) Locations
Low Severity Pulse

514 5" Female Max G =16.25 W=4.01b 70.1 F5=1.75
V (ft/sec) = 25.0 R=3.0in. 72=2

515 5" Female Max G=16.25 W=5.01b 67.5 F1=1 X-1=0.5
V (ft/sec) =25.0 R=4.0in. F5=2.5 X4=0.5

516 5™ Female Max G=16.25 W=551b 69.5 F2=2 X5=0.5
V (ft/sec) =25.0 R=4.5in. F6=2 74=0.5

517 | 5" Female Max G = 16.25 W =6.01b 669 | F6=3
V (ft/sec) =25.0 R=15.0in. 77=2.5

530 | 50" Male Max G = 16.25 W=4.01b 67.7 | F2=1.25 X4=1
V (ft/sec) = 25.0 R=3.0in. F7=0.5 72=1.5

531 50™ Male Max G =16.25 W=6.01Ib 67.9 F1=2.25 F7=2
V (ft/sec) = 25.0 R=15.0in. F4=1.5 X5=0.5

512 95™ Male Max G =16.25 W=4.01b 70.6 F3=1.75 X4=0.5
V (ft/sec) = 25.0 R=3.0in. 0C=2 74=1

513 95™ Male Max G =16.25 W=6.01b 70.7 F3=2.5 X5=2
V (ft/sec) = 25.0 R=15.0in. F6=0.25 77=2.5

Medium Severity Pulse

577 5™ Female Max G=18.5 W=351b 67.5 F7=1 Z2=1.5
V (ft/sec) = 31.5 R=2.5in. 77=0.5

578 5" Female Max G =18.5 W=4.01b 70.1 F5=1.75
V (ft/sec) = 31.5 R =3.0in. 72=2

579 5" Female Max G =18.5 W=451b 68.7 F1=0.25 75=2
V (ft/sec) = 31.5 R =3.0in. F6=2

518 5" Female Max G =18.5 W=4.01b 70.1 F5=1.75
V (ft/sec) =31.5 R=3.0in. 72=2

519 | 5" Female Max G = 18.5 W=501b 67.5 | Fl=1 X-1=0.5
V (ft/sec) =31.5 R=4.0in. F5=2.5 X4=0.5

520 | 5" Female Max G = 18.5 W=501b 722 | F1=2
V (ft/sec) =31.5 R=15.0in. F6=2.75

521 5" Female Max G =18.5 W=551Ib 69.5 F2=2 X5=0.5
V (ft/sec) =31.5 R=4.0in. F6=2 74=0.5

522 | 5" Female Max G = 18.5 W=551Ib 69.6 | F2=2.25
V (ft/sec) =31.5 R=15.0in. F6=2.75

523 | 5" Female Max G = 18.5 W =6.01b 66.9 | F6=3
V (ft/sec) = 31.5 R=15.0in. 77=2.5

524 50™ Male Max G =18.5 W=4.01b 67.7 F2=1.25 X4=1
V (ft/sec) = 31.5 R=3.0in. F7=0.5 Z2=1.5

525 50™ Male Max G=18.5 W=451b 67.0 F3=1.75 Z1=1.5
V (ft/sec) = 31.5 R=4.0in. F6=1.5

526 50™ Male Max G=18.5 W=5.01Ib 72.2 F3=1.75 X3=0.5
V (ft/sec) = 31.5 R =4.0in. F6=1 73=2

527 50™ Male Max G =18.5 W=5.01b 66.9 F3=1.5 74=1.5
V (ft/sec) = 31.5 R =5.0in. F6=2.25

529 50™ Male Max G =18.5 W=6.01b 67.9 F1=2.25 F7=2
V (ft/sec) = 31.5 R=5.0in. F4=1.5 X5=0.5

590 50™ Male Max G =18.5 W=4.01b 67.7 F2=1.25 X4=1
V (ft/sec) =31.5 R=3.0in. F7=0.5 72=1.5
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Test Manikin Test Pulse Added Head Weight Theta Weight
No. (Yoile) Configuration'” and CG Location® (deg) Locations

591 50™ Male Max G =18.5 W=501b 72.2 F3=1.75 X3=0.5
V (ft/sec) = 31.5 R=4.0in. F6=1 73=2

592 50™ Male Max G =18.5 W=551b 69.8 F3=1.5 X4=0.5
V (ft/sec) = 31.5 R=15.0in. 0C=2 74=1

593 50™ Male Max G =18.5 W=6.01b 67.9 F1=2.25 F7=2
V (ft/sec) = 31.5 R=5.0in. F4=1.5 X5=0.5

509 95™ Male Max G =18.5 W=401b 70.6 F3=1.75 X4=0.5
V (ft/sec) = 31.5 R=3.01in. 0C=2 Z4=1

510 95™ Male Max G =18.5 W=551b 70.8 F5=2.5 X1=2
V (ft/sec) = 31.5 R =4.0in. Back=0.25 Z7=2

511 95™ Male Max G =18.5 W=6.01b 70.7 F3=2.5 X5=2
V (ft/sec) =31.5 R=15.0in. F6=0.25 77=2.5

High Severity Pulse

537 5" Female Max G=19.0 W=351b 67.5 F7=1 72=1.5
V (ft/sec) = 50.0 R=25in. 77=0.5

538 | 5" Female Max G = 19.0 W=4.01b 70.1 | F5=1.75
V (ft/sec) = 50.0 R=3.0in. 72=2

539 | 5" Female Max G = 19.0 W=281b 775 | F1=0.5
V (ft/sec) = 50.0 R=2.25in. 73=2.0

540 | 5" Female Max G = 19.0 W=281b 775 | F7=0.5
V (ft/sec) = 50.0 R=2.25in. 73=2.0

586 50™ Male Max G=19.0 W=281b 70.6 F3=0.75 Z1=2.0
V (ft/sec) = 50.0 R=2.25in. X4=0.5

587 | 50" Male Max G = 19.0 W=351Ib 66.7 | F1=0.25 X4=1
V (ft/sec) = 50.0 R=2.5in. F5=0.5 73=2.0

588 50™ Male Max G=19.0 W=4.01b 67.7 F2=1.25 X4=1
V (ft/sec) = 50.0 R=3.0in. F7=0.5 72=1.5

589 50™ Male Max G=19.0 W=451b 67.0 F3=1.75 Z1=1.5
V (ft/sec) = 50.0 R=4.0in. F6=1.5

580 95™ Male Max G=19.0 W=281b 71.4 F5=0.75 72=3.0
V (ft/sec) = 50.0 R=2.25in. X3=0.5

581 95™ Male Max G=19.0 W=351b 72.9 F2=1.25 75=2
V (ft/sec) = 50.0 R=2.5in. F6=2.25

582 95™ Male Max G=19.0 W=401b 70.6 F3=1.75 X4=0.5
V (ft/sec) = 50.0 R=3.0in. 0C=2 Z4=1

583 95™ Male Max G=19.0 W=5.01b 72.9 F5=2 X1=2
V (ft/sec) = 50.0 R=4.0in. Back=0.25 Z7=2

584 95™ Male Max G=19.0 W=551b 70.8 F5=2.5 X1=2
V (ft/sec) = 50.0 R=4.0in. Back=0.25 Z7=2

585 95™ Male Max G=19.0 W=6.01b 70.7 F3=2.5 X5=2
V (ft/sec) = 50.0 R=15.0in. F6=0.25 77=2.5

NOTES: (1) Peak G’s and peak velocities are stated as minimum values £10%.

(2)  CG location from OC does NOT include the mass of the head.
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Test Pulses
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Figure 13: Pulses Used for the HA Testing
1.44 CERVICAL INJURY ANALYSIS

1.4.4.1 A comprehensive analysis of the data was performed using the available injury
predictors to determine the likelihood of injury to the upper and lower cervical spine. These
criteria have been developed and established by the automotive and military environments over
the past four decades. These criteria reflect the most current knowledge and understanding of
cervical injury limits and have been jointly agreed upon by the U.S. Navy and U.S. Air Force for
use in such programs as Stability Improvement Program and Joint Strike Fighter. While these are
noncrashworthy programs, the injury criteria are still valid for use in this study. Critical moment
values were specified for flexion and extension about the y-axis and force duration curves were
generated for axial tension, compression, lateral bending, and shear. The injury criteria are
described in more detail in appendix G. It is important to point out that only specific crash pulses
and orientations were modeled and tested. Testing was conducted only in the X-Z plane, even
though it was understood that helicopters may impact at any orientation, because this was
expected to maximize the forces (Fx and Fz) and moments (My) recorded by the manikin in the
sagittal plane. Cervical injury criteria have not been adequately developed for lateral and
rotational moments about the neck (Mx and Mz).

1.4.4.2 In addition, it was assumed through the course of this effort that the aviator would be
properly restrained in the seat during the crash event. Out of position occupants were not
modeled as a course of this effort (i.e., occupant looking back over their shoulder at the time of
impact). Occupants who have their heads turned at the time of impact will have much greater
risk of cervical injury. The result of this study is a probability of cervical injury, based on aviator
size, helmet mass, and impact severity, to be used as design criteria for helmets and helmet-
mounted systems for rotary wing aircraft. The results of this analysis are subject to change
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following any changes or modifications to the dynamic properties of the seat (i.e., improved
crashworthiness) or restraint system (i.e., neck load mitigation devices), interior cockpit
structures or configuration, structural crash properties of the helicopter, aviator population, or
development of improved neck injury criteria. In addition, the results of this analysis are to be
used solely as a baseline for helmet and helmet-mounted system development. Final system
configuration may have unforeseen effects that could not be represented in the study. Therefore,
systems level testing would still be required with any new helmet or helmet-mounted system.

1.5 METHOD OF TESTS

1.5.1 The following criteria were used to determine if the acceptable tests were successful:

a. The electronic instrumentation data and/or optical data were adequate to allow analysis
of the test as determined by the NAWCAD Patuxent River Code 4.6.2.1 Project
Engineer. For example, a loss of the critically-designated instrumentation channels
would be considered unacceptable.

b. The test support equipment and the test article were installed correctly and operated
properly, resulting in sufficient data for analysis.

c. The HYGE test facility operated as required during the test. For example, the crash
pulse parameters were within the tolerance bands approved by this test plan.

d. The test items remained structurally intact under crash acceleration.

1.5.2 The HA facility was used to produce dynamic conditions simulating a high-speed impact
of a rotary wing aircraft into the ground at a pitch of 30 deg.

1.5.3 Data collected for each test included test records, photographic data, and electronic
instrumentation data. All records were identified with the project title and number. To permit
independent analysis, they were also labeled with sensor identification, calibration values,
resistance, and sensitivity.

1.5.4 In order to allow for posttest data processing, data channels were collected and delivered
in ASCII format. These data files were transferred to an IBM-PC compatible computer for
additional processing using Matlab. The sensors used had been dynamically calibrated within
12 months prior to the test start date. Table 6 lists the required instrumentation for each test.
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Table 6: Instrumentation Index for Horizontal Sled Tests

Filter Sample Sensor
No. Sensor Location Sensor Measurement Rate (Hz) Range
1 Test Sled, Gx Linear acceleration* 1000 -10/+50
2 Test Sled, Gx Linear acceleration 1000 -10/+50
3 Test Sled Seat First Motion 1000 Breakwire
4 Seat Pan Linear x-acceleration* 1000 +100G
5 Linear z-acceleration* 1000 +100G
6 Yoke Restraint Tension Gauge 1000 43,000 1b
7 Manikin Head Linear x-acceleration*® 1000 +100G
8 Linear y-acceleration 1000 +100G
9 Linear z-acceleration* 1000 +100G
10 | Manikin Head Angular y-acceleration® 1000
11 | Manikin Chest Linear x-acceleration 1000 +100G
12 Linear z-acceleration 1000 +100G
13 | Manikin Chest Angular y-acceleration*® 1000
14 | Manikin Upper Neck Force x-direction* 1000 +2,000 1b
15 Force z-direction* 1000 +2,000 1b
16 Moment y-direction* 1000 3,000 in.-1b
17 | Manikin Lower Neck Force x-direction* 1000 +2,000 1b
18 Force z-direction* 1000 12,000 1b
19 Moment y-direction*® 1000 16,000 in.-1b
20 | Manikin Lower Thorax | Force x-direction’ 1000 12,000 Ib
21 Force z-direction’ 1000 4,000 Ib
22 Moment y-direction’ 1000 44,000 in.-1b
23 | Manikin Pelvis Force x-direction 1000 12,000 Ib
24 Force z-direction*® 1000 +4,000 1b
25 Moment y-direction 1000 12,000 in.-1b
* denotes mandatory channels for all tests.
" denotes additional channels only for 50" percentile manikin tests.

1.5.5

Two imagers were positioned to record the crash event. Photographic targets were
located on the manikin and crashworthy seat to allow video analysis of angular displacement of

the head and torso. The following cameras were required:

Imager 1

Imager 2

1.5.6 Still pretest and posttest digital photographic coverage was provided as necessary during
the test series. A minimum of four pretest and four posttest still photographs were required for

torso motion.

ATD head and torso motion.

Onboard, 1,000 /s recording speed, providing front view of ATD head and

Deck, 1,000 /s recording speed, providing side view of sled travel and

each test. The stills were downloaded onto a CD and provided to the project engineer.
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1.5.7 The project engineer maintained a log containing program notes and remarks. These
remarks included observations made during the test program.

1.6 CHRONOLOGY

1.6.1 The following is a chronology of this test program:

a. Initial planning July 2002
b. Test plan approved September 2002
c. Test dates 24 September - 8 October 2002

21 —28 January 2003
d. Data reduction February/March 2003
e. Report drafted April 2003

1.7 PERSONNEL

1.7.1 The following is a list of the core personnel who participated in this test program:

Name Code Phone Number Function
Glenn Paskoff 4.6.2.1 (301) 342-8469 Lead Project Engineer
Edwin Sieveka 4.6.2.2 (301) 342-8433 Computer Modeling Engineer
Angie Starner 4.6.2.2 (301) 342-8443 Project Engineer
John Kerr 4.6.2.2 (301) 342-8415 HA Facility Manager
Tho Do 4.6.2.2 (301) 342-8478 Data Acquisition
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2.0 RESULTS AND EVALUATION

2.1 COMPUTER MODEL VALIDATION

2.1.1 RIGID CRASHWORTHY SEAT VERSUS ACTUAL STROKING SEAT

2.1.1.1 The rigid crashworthy seat was used during the course of the testing. However, the
energy transmitted to the occupant through a rigid seat was drastically different from the energy
transmitted to the occupant through a stroking crashworthy seat. It was intended that the tests
mimic the head/neck response of an occupant in a stroking seat as closely as possible. Therefore,
it was determined that modeling would be used to determine what the correct pulse applied to a
rigid seat would need to be to ‘simulate’ the acceleration profile exhibited by a stroking seat. The
MADYMO simulation code was set up for both the stroking seat and fixed seat cases. The
stroking seat simulation represented the performance of a crashworthy seat subjected to an actual
crash condition, and the fixed seat model represented the HA test condition.

2.1.1.2 The structural dynamic pulse requirements were run through the stroking seat
simulation and the resulting seat accelerations were used as the input accelerations for the rigid
seat model. Ultimately, the Y-axis neck moments, both upper and lower, were the target
variables of interest, but the effort to achieve equivalence began with the pelvic acceleration.
Since the interaction between the seat and the pelvis drove the rest of the body’s response, it was
felt that a reasonable match to the pelvic acceleration was the key to overall agreement. In the
first iteration, the X-axis acceleration of the stroking seat was used as the driving acceleration of
the fixed seat. This produced the pelvic acceleration shown in figure A-1. The agreement
between the fixed and stroking models appeared reasonable, but the fixed model over-predicted
the pelvic acceleration initially and under-predicted it later on. This is believed to have been due
to the fact that the seat does not stroke horizontally. The seat was rotated 30 deg from horizontal
to mimic the 30 deg pitch down test condition used in qualifying rotary wing crashworthy seats.
Thus, as the seat stroked, it moved down as well as forward, as shown in figure 14. This led to a
vertical component of acceleration, Az, which in turn had a component normal to the seat
bottom, Az'sin(30 deg). This component reduced the pelvic acceleration early in the event, but
caused an increase toward the end. A correction factor, shown in the bottom right of figure 14,
incorporated into the fixed seat pulse, provided a better overall match to the pelvic acceleration
as shown in figure A-2.
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P Stroke Direction

HA Sled
N AX-Correction
i \\\ \4_______/_/7
LN W Azsin(30°)
AZ i \\\\
i \’ Ax_Correction 003(300) = Ay sin(30°)
va Azsin(30°)

AX-Correction = AZ tan(300)

Figure 14: Derivation for Rigid Seat X-Acceleration Correction Factor

2.1.1.3 The stroking seat acceleration was a complex pulse that the HA facility was not able to
duplicate. Therefore, simulations using approximations of this pulse (with the same total energy)
were compared against the results of simulations using the actual pulse to determine the
acceptability of altering the pulse profile.

2.1.1.4 Three stroking seat equivalent pulses were generated that represented low, medium, and
high severity impact conditions. Good correlation was obtained for the low and medium severity
pulses. It was determined that a 10-deg back wedge was required on the high severity tests to
obtain the necessary correlation between models of the principal measurement parameters.

2.1.1.5 Results from the computer simulations using the simplified pulse were compared with
results from the test data set under identical conditions.

2.1.2 TRAPEZOIDAL PULSE VERSUS “ACTUAL” PULSE
2.1.2.1 The equivalent pulses were integrated to obtain the Delta-V (AV) for each. Because the

derived, equivalent pulses were too complex to be reproduced on the HA, the AV’s were used to
generate trapezoidal pulses with the same amount of energy absorption. These, in turn, were

22



NAWCADPAX/TR-2004/86

“rounded” to produce target pulses that could be closely approximated on the HA. Runs with the
original equivalent pulses, the trapezoidal pulses, and the rounded pulses showed little change
where the critical neck moment parameters were concerned. This was probably because the peak
values for the neck parameters occurred after the pulse was over. Delivering the right amount of
energy, over approximately the correct time period appeared to be sufficient to obtain reasonable
neck results. The rounded pulses were then used to approximate the centerline of the pulse
corridor for the actual HA pulses (see figures A-3, A-4, and A-5).

2.1.3 10-DEGREE BACK PAD VALIDATION

2.1.3.1 Subsequent comparison of the neck moments for the low and medium severity pulses
showed good agreement between the fixed and stroking seat simulations (figures A-6 through
A-11). The high severity case, however, demonstrated large variations between the two models.
This discrepancy was due mainly to the extended time-span and seat-stroke distance in these
runs. This allowed the body to reposition itself with a significant forward lean, prior to the time
of maximum head motion. To compensate for this with the fixed seat, an initial, forward angle of
10 deg was added to the torso of the manikins in the high-energy simulations. This produced
much better neck moment agreement, as shown in figures A-12, A-13, and A-14. Additional
angles were investigated, but 10-deg appeared to provide the optimal fit of the rigid seat
approximation of the stroking seat model.

2.1.4 COMPARISON WITH 4.0 LB ADDED HEAD WEIGHT TEST DATA

2.1.4.1 The computer model predicted results of the 4.0 1b added head weight were compared
with the test data using the same configuration. Note that the computer model used for
comparison used the ‘rounded’ trapezoid pulse (with the 10-deg back pad for the high severity
cases). In general, the trends predicted by the model agreed very well with the test data results
(figures A-15 through A-68). However, the model tended to under-predict the peak values for
most of the neck parameters in the low and medium severity cases. In the high severity cases, the
peak values usually occurred earlier in the model than in the sled tests. This was likely due to the
fact that the high severity pulse used in the testing was of longer duration with a lower G-onset
rate than that used in the simulations.

2.2 SMALL FEMALE TESTS

2.2.1 Seventeen tests were conducted with the small female manikin. Plots of the critical
parameters are found in appendix B. The manikin total instrumented weight (without any added
head mass) was 118 Ib. The small female test results demonstrated the increased risk of neck
injury to small aviators during helicopter impact conditions. Even during the low severity pulses,
the Nij values and compression duration approached the limits for injury. The principal load
vectors were compression and neck flexion/extension during impact.
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23 MID-MALE TESTS

2.3.1 Fifteen tests were conducted with the mid-sized male manikin. Plots of the critical
parameters are found in appendix C. The manikin total instrumented weight (without any added
head mass) was 184 1b. The mid-male test results demonstrated the most variation in peak values
of the three manikin sizes tested. But, this scatter was consistent with results obtained from the
computer simulations under identical conditions. Therefore, it is believed that the angle of the
restraint yoke, which stemmed from a fixed slot on the rigid crashworthy seat, had a dominating
effect on the kinematics of the occupant. However, further testing would be required to validate
this theory.

24  LARGE MALE TESTS

2.4.1 Eleven tests were conducted with the large male manikin. Plots of the critical parameters
are found in appendix D. The manikin total instrumented weight (without any added head mass)
was 224 Ib. The large male manikin was the only manikin size to pass the dual neck injury
criteria under the most severe impact conditions tested. However, this only occurred during the
test with the lightest added head mass.

2.5 EFFECT OF AVIATOR SIZE, HELMET MASS PROPERTIES, AND PULSE
SEVERITY

2.5.1 Pulse severity was undeniably the most dominant variable examined during the study.
This was evident by the relatively small slope in all of the peak value plots when added head
mass was increased (figures E-1 through E-8). The effect of gender was more related to the
different values for the neck injury limits that were scaled according to weight. Therefore,
despite the fact that the cervical forces and moments were lowest in magnitude in the small
female tests, because the injury criteria limits were also reduced, the benefits were negated.
Added head mass and CG statistically had very little effect when contrasted with test variability.

2.5.2 The peak values are listed in table E-1. Trends with added head mass were more
noticeable during the lower severity pulses, when the total energy experienced by the occupant
was not so severe (figures E-1 through E-8). This was evident by the amount of scatter present in
the data for the higher severity pulses. A summary of the results of the neck injury analysis is
shown in table 6. This table may be used as a guideline when determining the risk to the aviator
for a particular helmet system. All of the aviator sizes tested passed the low severity tests for all
of the added head weights tested (up to 6 lb). For the medium severity tests, only the mid-male
and large male passed the neck injury criteria for all of the added head weights tested (up to
6 Ib). The small female reached the limit at approximately 4 lb. For the high severity tests, the
small female and mid-male failed for all of the added head weights tested. The large male passed
the neck injury criteria only for the lowest added head weight (2.8-3.0 Ib). It is important to point
out that nearly 90% of all survivable Naval helicopter mishaps occur at an impact level that is
equal to or less than the high severity pulse (50 ft/sec) that was used for these tests.
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Table 7: Test Results Indicating Pass/Fail Status Regarding Neck Injury Criteria for all Tests

Pass = [ Fail = I
Test Pulse Added Head Weight Marginal =1
No. Severity (Ib) Nij Criteria | Load Duration
Small Female
514 Low 4.0
515 Low 5.0
516 Low 5.5
517 Low 6.0
577 Medium 35
518 Medium 4.0 ]
578 Medium 4.0
579 Medium 4.5
519 Medium 5.0 ]
520 Medium 5.0 ]
521 Medium 55 ]
522 Medium 5.5
523 Medium 6.0
539 High 2.8
540 High 2.8
537 High 3.5
538 High 4.0
Mid-Male
530 Low 4.0
531 Low 6.0
524 Medium 4.0
525 Medium 4.5
526 Medium 5.0
527 Medium 5.0
529 Medium 6.0
590 Medium 4.0
591 Medium 5.0
592 Medium 5.5
593 Medium 6.0
586 High 2.8
587 High 3.5
588 High 4.0
589 High 4.5
Large Male
512 Low 4.0
513 Low 6.0
509 Medium 4.0
510 Medium 5.5
511 Medium 6.0
580 High 2.8
581 High 3.5
582 High 4.0
583 High 5.0
584 High 5.5
585 High 6.0
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2.5.3 An analysis of variance (ANOVA) with a post hoc Tukey-Kramer test to determine the
source of the difference was conducted on the principal neck parameters to determine whether
any of the factors were statistically significant (defined as p<0.05). The results of the statistical
analyses indicated that for each of the manikin sizes tested, added head mass did not have a
significant effect on the magnitude of the forces or moments measured. However, forces and
moments were still observed to increase as added head mass was increased. There was a
significant effect of the severity of the applied pulse for all parameters except lower neck
tension. Since pulse severity was the dominant factor, as compared to weight or manikin size,
ANOVA for the effects of these two factors were also conducted for each individual pulse type.
Size was a significant factor (1) in the low severity tests for all parameters except the upper neck
flexion moment, (2) in the medium severity tests for all parameters except the lower neck
tension, and (3) in the high severity tests for all parameters except the upper neck tension. It is
important to note that the results of these statistics were based upon a small sample size with
very few repeated measures. Additional testing under identical test conditions would be required
to improve the statistical confidence.

2.5.4 It is important to point out that these results were based upon a single impact orientation.
The 30-deg pitch down configuration was chosen because it was believed that this orientation
would maximize the forces and moments along a single plane (sagittal) in terms of loading
vector and kinematics. However, this may or may not represent the worst-case scenario with
regard to injury. Further testing would be required with combinations of pitch, yaw, and roll to
resolve this. Injury criteria that were developed for axial loading were deemed not applicable due
to the orientation of the applied loads. Instead, the National Highway Traffic Safety
Administration (NHTSA) validated Head Nij criterion (appendix G) was used to evaluate the
potential for neck injury due to combined loading effects. Critical values for tension,
compression, flexion moment, and extension moment were scaled to represent approximately a
5% probability of injury for the different anthropometric sizes tested.

2.5.5 The Nij criterion was evaluated at the base of the neck. Values above 1.5 may be
representative of injury to the lower neck. However, an injury criterion at this location of the
neck has never been validated and subjective assessments only may be made. Nevertheless, the
values are reported and graphed in appendix E.
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3.0 CONCLUSIONS
3.1 GENERAL

3.1.1 The crash pulses used in the course of this study, in conjunction with the rigid
crashworthy seat, ranged from an expected survivable impact (for all aviator sizes) to a very
severe impact.

3.1.2 Sample sizes for any given configuration were very small due to the large number of
variables examined.

3.1.3 The results indicated the importance, from a programmatic standpoint, of determining
early on what impact level (determined from the mishap data) would provide a sufficient level of
protection based upon the mission and user population.

3.2 SPECIFIC

3.2.1 For the low severity pulse tests, neck injury analysis results were below injury threshold
levels for all anthropometric sizes tested with all added head mass configurations (paragraph
2.5.2). This impact condition encompassed approximately 63% of all helicopter mishaps (land
and water).

3.2.2 For the medium severity pulse tests, neck injury analysis results were below injury
threshold levels for the mid-male and large male with all added head mass configurations. The
small female approached the limit for cervical tolerance around four pounds of added head mass
(paragraph 2.5.2). This impact condition encompassed approximately 71% of all helicopter
mishaps (land and water).

3.2.3 For the high severity pulse tests, neck injury analysis results were exceeded for the small
female and mid-male with all added head mass configurations. The large male passed the dual
neck injury criteria only for the lowest weight configuration tested (paragraph 2.5.2). This impact
condition encompassed approximately 89% of all helicopter mishaps (land and water).

3.2.4 The results of the statistical analyses indicated that for each of the manikin sizes tested,
added head mass did not have a significant effect on the magnitude of the forces or moments
measured. Size was found to have a significant effect on most of the parameters that were
measured. Pulse severity was found to be extremely significant (paragraph 2.5.3).
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4.0 RECOMMENDATIONS
4.1 Use Phase II test data to further validate computer models. Once validated, computer
models may be used to vary helmet weight and CG to provide additional data points for untested
configurations.
4.2 Conduct further testing to improve the statistical significance of each tested configuration.
Additional testing would provide greater confidence in quantitatively establishing the injury

threshold for all aviator sizes given changes to added head weight and impact condition.

4.3 Conduct further testing examining the effects of roll, pitch, and yaw on the observed
cervical forces and moments and compare results with current neck injury criteria.

4.4 Revise mass properties guidelines based upon improved dataset.
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Figure A-1: Computer Model Validation (Stroking Seat versus Rigid Seat)
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Figure A-2: Computer Model Validation (Stroking Seat versus Rigid Seat with Correction
Factor)
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Seat Acceleration Profiles (Low Severity)
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Figure A-3: Low Severity Seat Acceleration Profiles

Seat Acceleration Profiles (Medium Severity)
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Figure A-4: Medium Severity Seat Acceleration Profiles
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Seat Acceleration Profiles (High Severity)
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Figure A-5: High Severity Seat Acceleration Profiles
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Figure A-6: Computer Model Pulse Approximation Validation (Low Severity Pulse)
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Figure A-7: Computer Model Pulse Approximation Validation (Low Severity Pulse)
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Figure A-8: Computer Model Pulse Approximation Validation (Low Severity Pulse)
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Computer Model Pulse Approximation Validation
Pelvic Acceleration Comparison vs. Time (Medium Severity Pulse)
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Figure A-9: Computer Model Pulse Approximation Validation (Medium Severity Pulse)
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Figure A-10: Computer Model Pulse Approximation Validation (Medium Severity Pulse)
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Computer Model Pulse Approximation Validation
Lower Neck Moment Comparison vs. Time (Medium Severity Pulse)
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Figure A-11: Computer Model Pulse Approximation Validation (Medium Severity Pulse)
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Figure A-12: Computer Model Pulse Approximation Validation (High Severity Pulse)
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Computer Model Pulse Approximation Validation
Upper Neck Moment Comparison vs. Time (High Severity Pulse)
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Figure A-13: Computer Model Pulse Approximation Validation (High Severity Pulse)
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Figure A-14: Computer Model Pulse Approximation Validation (High Severity Pulse)
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Resultant Chest Acceleration
Computer Model vs. Test Data (Low Severity Pulse)
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Figure A-15: Computer Model versus Test Data (Small Female - Low Severity Pulse)
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Figure A-16: Computer Model versus Test Data (Small Female - Low Severity Pulse)
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Upper & Lower Neck Shear Force
Computer Model vs. Test Data (Low Severity Pulse)
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Figure A-17: Computer Model versus Test Data (Small Female - Low Severity Pulse)
Upper & Lower Neck Axial Force
Computer Model vs. Test Data (Low Severity Pulse)

200

100
T 0
§ —— Computer Model Upper Neck
E 100 — Computer Model Lower Neck
= Sled Test 514 Upper Neck
E —Sled Test 514 Lower Neck
[*]
2 -200

-300

-400
0.00 0.04 0.08 0.12 0.16 0.20

Time (sec)

Figure A-18: Computer Model versus Test Data (Small Female - Low Severity Pulse)
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Upper & Lower Neck Pitch Moment
Computer Model vs. Test Data (Low Severity Pulse)
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Figure A-19: Computer Model versus Test Data (Small Female - Low Severity Pulse)
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Figure A-20: Computer Model versus Test Data (Small Female - Low Severity Pulse)
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Figure A-21: Computer Model versus Test Data (Small Female - Medium Severity Pulse)
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Figure A-22: Computer Model versus Test Data (Small Female - Medium Severity Pulse)
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Computer Model vs. Test Data (Medium Severity Pulse)
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Figure A-23: Computer Model versus Test Data (Small Female - Medium Severity Pulse)
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Figure A-24: Computer Model versus Test Data (Small Female - Medium Severity Pulse)
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Computer Model vs. Test Data (Medium Severity Pulse)
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Figure A-25: Computer Model versus Test Data (Small Female - Medium Severity Pulse)
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Figure A-26: Computer Model versus Test Data (Small Female - Medium Severity Pulse)
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Figure A-27: Computer Model versus Test Data (Small Female - High Severity Pulse)
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Figure A-28: Computer Model versus Test Data (Small Female - High Severity Pulse)
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Figure A-29: Computer Model versus Test Data (Small Female - High Severity Pulse)
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Figure A-30: Computer Model versus Test Data (Small Female - High Severity Pulse)
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Computer Model vs. Test Data (High Severity Pulse)
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Figure A-31: Computer Model versus Test Data (Small Female - High Severity Pulse)
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Figure A-32: Computer Model versus Test Data (Small Female - High Severity Pulse)
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Figure A-33: Computer Model versus Test Data (Mid-Male - Low Severity Pulse)

Resultant Head Acceleration

Computer Model vs. Test Data (Low Severity Pulse)

—— Computer Model
——Sled Test 530

0.00 0.04 0.08 0.12 0.16 0.20
Time (sec)

Figure A-34: Computer Model versus Test Data (Mid-Male - Low Severity Pulse)
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Figure A-35: Computer Model versus Test Data (Mid-Male - Low Severity Pulse)
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Figure A-36: Computer Model versus Test Data (Mid-Male - Low Severity Pulse)
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Upper & Lower Neck Pitch Moment
Computer Model vs. Test Data (Low Severity Pulse)
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Figure A-37: Computer Model versus Test Data (Mid-Male - Low Severity Pulse)
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Figure A-38: Computer Model versus Test Data (Mid-Male - Low Severity Pulse)
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Resultant Chest Acceleration
Computer Model vs. Test Data (Medium Severity Pulse)
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Figure A-39: Computer Model versus Test Data (Mid-Male - Medium Severity Pulse)
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Figure A-40: Computer Model versus Test Data (Mid-Male - Medium Severity Pulse)
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Upper & Lower Neck Shear Force
Computer Model vs. Test Data (Medium Severity Pulse)
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Figure A-41: Computer Model versus Test Data (Mid-Male - Medium Severity Pulse)
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Figure A-42: Computer Model versus Test Data (Mid-Male - Medium Severity Pulse)
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Computer Model vs. Test Data (Medium Severity Pulse)
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Figure A-43: Computer Model versus Test Data (Mid-Male - Medium Severity Pulse)
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Figure A-44: Computer Model versus Test Data (Mid-Male - Medium Severity Pulse)
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Computer Model vs. Test Data (High Severity Pulse)
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Figure A-45: Computer Model versus Test Data (Mid-Male - High Severity Pulse)
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Figure A-46: Computer Model versus Test Data (Mid-Male - High Severity Pulse)
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Upper & Lower Neck Shear Force
Computer Model vs. Test Data (High Severity Pulse)
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Figure A-47: Computer Model versus Test Data (Mid-Male - High Severity Pulse)
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Figure A-48: Computer Model versus Test Data (Mid-Male - High Severity Pulse)
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Figure A-49: Computer Model versus Test Data (Mid-Male - High Severity Pulse)
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Figure A-50: Computer Model versus Test Data (Mid-Male - High Severity Pulse)
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Figure A-51: Computer Model versus Test Data (Large Male - Low Severity Pulse)
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Figure A-52: Computer Model versus Test Data (Large Male - Low Severity Pulse)
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Figure A-53: Computer Model versus Test Data (Large Male - Low Severity Pulse)
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Figure A-54: Computer Model versus Test Data (Large Male - Low Severity Pulse)
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Computer Model vs. Test Data (Low Severity Pulse)
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Figure A-55: Computer Model versus Test Data (Large Male - Low Severity Pulse)
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Figure A-56: Computer Model versus Test Data (Large Male - Low Severity Pulse)
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Figure A-57: Computer Model versus Test Data (Large Male - Medium Severity Pulse)
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Figure A-58: Computer Model versus Test Data (Large Male - Medium Severity Pulse)
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Figure A-59: Computer Model versus Test Data (Large Male - Medium Severity Pulse)
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Figure A-60: Computer Model versus Test Data (Large Male - Medium Severity Pulse)
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Figure A-61: Computer Model versus Test Data (Large Male - Medium Severity Pulse)

Upper & Lower Neck Nij

Computer Model vs. Test Data (Medium Severity Pulse)
0.50

0.40

£ 0.30 — Computer Model Upper Neck
I —— Computer Model Lower Neck
P4
= Sled Test 509 Upper Neck
0.20
—Sled Test 509 Lower Neck

0.10

0.00
0.00 0.04 0.08 0.12 0.16 0.20

Time (sec)

Figure A-62: Computer Model versus Test Data (Large Male - Medium Severity Pulse)
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Figure A-63: Computer Model versus Test Data (Large Male - High Severity Pulse)
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Figure A-64: Computer Model versus Test Data (Large Male - High Severity Pulse)
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Figure A-65: Computer Model versus Test Data (Large Male - High Severity Pulse)
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Figure A-66: Computer Model versus Test Data (Large Male - High Severity Pulse)
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Computer Model vs. Test Data (High Severity Pulse)
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Figure A-67: Computer Model versus Test Data (Large Male - High Severity Pulse)
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Figure A-68: Computer Model versus Test Data (Large Male - High Severity Pulse)
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Figure B-1: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-2: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-3: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-4: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-5: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-6: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-7: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-8: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-9: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-10: Test 514 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure B-11: Test 514 (Low Pulse, 4.0 1b Added Head Weight)
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Figure B-12: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-13: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-14: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)

74 APPENDIX B



NAWCADPAX/TR-2004/86

Upper & Lower Neck Axial Force

200

100

-100

— Upper Neck
—Lower Neck

-200

Neck Axial Force (Ibs)

-300

-400

-500
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200

Time (sec)

Figure B-15: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-16: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-17: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-18: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-19: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-20: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-21: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)

Shear Load Duration

n

2 == Small Female Limit C0-C1
§ == Small Female Limit C7-T1
4 Upper Neck

3 —Lower Neck

=

(7]

0 10 20 30 40 50 60 70 80

Time Duration (ms)

Figure B-22: Test 515 (Low Pulse, 5.0 Ib Added Head Weight)
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Figure B-23: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-24: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-25: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-26: Test 516 (Low Pulse, 5.5 1b Added Head Weight)
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Figure B-27: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-28: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-29: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-30: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-31: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-32: Test 516 (Low Pulse, 5.5 1b Added Head Weight)
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Figure B-33: Test 516 (Low Pulse, 5.5 Ib Added Head Weight)
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Figure B-34: Test 517 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure B-35: Test 517 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure B-36: Test 517 (Low Pulse, 6.0 1b Added Head Weight)
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Figure B-37: Test 517 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure B-38: Test 517 (Low Pulse, 6.0 1b Added Head Weight)
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Figure B-39: Test 517 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure B-40: Test 517 (Low Pulse, 6.0 1b Added Head Weight)
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Figure B-41: Test 517 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure B-42: Test 517 (Low Pulse, 6.0 1b Added Head Weight)
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Figure B-43: Test 517 (Low Pulse, 6.0 1b Added Head Weight)

Shear Load Duration

n

2 == Small Female Limit C0-C1
§ == Small Female Limit C7-T1
4 Upper Neck

3 —Lower Neck

=

(7]

Time Duration (ms)

Figure B-44: Test 517 (Low Pulse, 6.0 1b Added Head Weight)
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Figure B-45: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-46: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-47: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-48: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-49: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-50: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-51: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-52: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)

93 APPENDIX B



NAWCADPAX/TR-2004/86

Tensile Load (Ibs)

Compressive Load (Ibs)

Tension Load Duration

== Small Female Limit
—— Upper Neck
Lower Neck

o
N
o
N}
o
w
o
S
o
o
o
o
S
~
=
©
S

Time Duration (ms)

Figure B-53: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-54: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-55: Test 577 (Medium Pulse, 3.5 Ib Added Head Weight)
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Figure B-56: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-57: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-58: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-59: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-60: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-61: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-62: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-63: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-64: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-65: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-66: Test 578 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-67: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-68: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-69: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-70: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-71: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-72: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-73: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-74: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)

104 APPENDIX B



NAWCADPAX/TR-2004/86

Tension Load Duration

== Small Female Limit
—— Upper Neck
Lower Neck

Tensile Load (Ibs)

o
N
o
N}
o
w
o
S
o
o
o
o
S
~
=
©
S

Time Duration (ms)

Figure B-75: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-76: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-77: Test 579 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure B-78: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-79: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-80: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-81: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-82: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-83: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-84: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-85: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-86: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-87: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-88: Test 518 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure B-89: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-90: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-91: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-92: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-93: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-94: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-95: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-96: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-97: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-98: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-99: Test 519 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-100: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-101: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-102: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)

118 APPENDIX B



NAWCADPAX/TR-2004/86

Upper & Lower Neck Axial Force

300

200

100

0

-100

——Upper Neck
——Lower Neck

-200

Neck Axial Force (lbs)

-300

-400

-500

-600
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200

Time (sec)

Figure B-103: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-104: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-105: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-106: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-107: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-108: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-109: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-110: Test 520 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure B-111: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-112: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-113: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-114: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-115: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-116: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-117: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-118: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-119: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-120: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-121: Test 521 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-122: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-123: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-124: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-125: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-126: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-127: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-128: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-129: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-130: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-131: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure B-132: Test 522 (Medium Pulse, 5.5 Ib Added Head Weight)

133 APPENDIX B



NAWCADPAX/TR-2004/86

Head Acceleration (G)

Chest Acceleration (G)

Chest Resultant Acceleration

Py
o

w
(o))

w
N

N
oo

24

20

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (sec)

Figure B-133: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-134: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-135: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-136: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-137: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-138: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-139: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-140: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-141: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-142: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)

138 APPENDIX B




NAWCADPAX/TR-2004/86

Shear Load Duration

n

2 == Small Female Limit C0-C1
§ == Small Female Limit C7-T1
4 Upper Neck

3 —Lower Neck

=

(7]

Time Duration (ms)

Figure B-143: Test 523 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure B-144: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-145: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-146: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-147: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-148: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-149: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-150: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-151: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-152: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-153: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-154: Test 537 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure B-155: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-156: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-157: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-158: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-159: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-160: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-161: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-162: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-163: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-164: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-165: Test 538 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure B-166: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)

150 APPENDIX B



NAWCADPAX/TR-2004/86

Neck Shear Force (Ibs)

Head Resultant Acceleration

60

50

Head Acceleration (G)
w IS
o o

N
o

10

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (sec)

Figure B-167: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-168: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-169: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-170: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-171: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-172: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)

153 APPENDIX B



NAWCADPAX/TR-2004/86

Nij
Upper Neck Limit = 0.5 Index
Lower Neck Limit = 1.5 Index

— Upper Neck
—— Lower Neck

Nij/Nij limit

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700
Time (sec)

Figure B-173: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-174: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-175: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-176: Test 539 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-177: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-178: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-179: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-180: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-181: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-182: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-183: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-184: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-185: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-186: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure B-187: Test 540 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-1: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-2: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-3: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-4: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-5: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-6: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-7: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-8: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-9: Test 530 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure C-10: Test 530 (Low Pulse, 4.0 1b Added Head Weight)
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Figure C-11: Test 530 (Low Pulse, 4.0 1b Added Head Weight)

Chest Resultant Acceleration

Chest Acceleration (G)

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (sec)

Figure C-12: Test 531 (Low Pulse, 6.0 1b Added Head Weight)

169 APPENDIX C



NAWCADPAX/TR-2004/86

Head Resultant Acceleration

Head Acceleration (G)

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (sec)

Figure C-13: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-14: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-15: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-16: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-17: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-18: Test 531 (Low Pulse, 6.0 1b Added Head Weight)

172 APPENDIX C



NAWCADPAX/TR-2004/86

Nij
Upper Neck Limit = 0.5 Index
Lower Neck Limit = 1.5 Index

0.6

0.5

I
IS

—— Upper Neck
—Lower Neck

o
w

Nij/Nij limit

I
N

0.1

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700
Time (sec)

Figure C-19: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-20: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-21: Test 531 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure C-22: Test 531 (Low Pulse, 6.0 1b Added Head Weight)
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Figure C-23: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-24: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-25: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-26: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-27: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-28: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-29: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-30: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-31: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-32: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-33: Test 524 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-34: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-35: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-36: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-37: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-38: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-39: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-40: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-41: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-42: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-43: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-44: Test 525 (Medium Pulse, 4.5 Ib Added Head Weight)
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Figure C-45: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-46: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-47: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-48: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-49: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-50: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-51: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-52: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-53: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-54: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)

190 APPENDIX C



NAWCADPAX/TR-2004/86

Shear Load Duration

1400

1200

1000

= 800 == \id Male Limit CO-C1
E == Mid Male Limit C7-T1
- Upper Neck
E 600 = Lower Neck
»

400

200

0 10 20 30 40 50 60 70 80
Time Duration (ms)

Figure C-55: Test 526 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-56: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)

191 APPENDIX C



NAWCADPAX/TR-2004/86

Head Resultant Acceleration

Head Acceleration (G)

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (sec)

Figure C-57: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-58: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-59: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-60: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-61: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-62: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-63: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-64: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-65: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-66: Test 527 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-67: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-68: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-69: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-70: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-71: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-72: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-73: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-74: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-75: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-76: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-77: Test 529 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-78: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-79: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-80: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-81: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-82: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-83: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-84: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-85: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-86: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-87: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-88: Test 590 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure C-89: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-90: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-91: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-92: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-93: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-94: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-95: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-96: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-97: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-98: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-99: Test 591 (Medium Pulse, 5.0 Ib Added Head Weight)
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Figure C-100: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-101: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-102: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-103: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-104: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-105: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-106: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-107: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-108: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-109: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-110: Test 592 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure C-111: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-112: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-113: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-114: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)

220 APPENDIX C



NAWCADPAX/TR-2004/86

Upper & Lower Neck Pitch Head Pitch Moment

2000

1600

1200

— Upper Neck
— Lower Neck

800

400

Neck Pitch Moment (in-lbs)

-400
0.000 0.050 0.100 0.150 0.200 0.250 0.300
Time (sec)

Figure C-115: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-116: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-117: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-118: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-119: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-120: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-121: Test 593 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure C-122: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-123: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-124: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-125: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-126: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-127: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)

Lower Neck Nij

3000
2500
2000
1500
1000

500

-500

-3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Flexion/Extension Moment (in-lbs)

Figure C-128: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-129: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-130: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-131: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-132: Test 586 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure C-133: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-134: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-135: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-136: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-137: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-138: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-139: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-140: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-141: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-142: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-143: Test 587 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure C-144: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-145: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-146: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-147: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-148: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-149: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-150: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-151: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-152: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-153: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-154: Test 588 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure C-155: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-156: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-157: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-158: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-159: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-160: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)

243 APPENDIX C



NAWCADPAX/TR-2004/86

Lower Neck Nij

3000

2500

2000

1500

1000

500

Axial Force (Ibs)

-500

-1000

-1500

-2000

-2500
-3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Flexion/Extension Moment (in-lbs)

Figure C-161: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)

Nij
Upper Neck Limit = 0.5 Index
Lower Neck Limit = 1.5 Index

—— Upper Neck
——Lower Neck

Nij/Nij limit

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700
Time (sec)

Figure C-162: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-163: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-164: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure C-165: Test 589 (Severe Pulse, 4.5 Ib Added Head Weight)
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Figure D-1: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-2: Test 512 (Low Pulse, 4.0 1b Added Head Weight)
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Figure D-3: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-4: Test 512 (Low Pulse, 4.0 1b Added Head Weight)
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Figure D-5: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-6: Test 512 (Low Pulse, 4.0 1b Added Head Weight)
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Figure D-7: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-8: Test 512 (Low Pulse, 4.0 1b Added Head Weight)
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Figure D-9: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-10: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-11: Test 512 (Low Pulse, 4.0 Ib Added Head Weight)
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Figure D-12: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-13: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-14: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-15: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-16: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-17: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-18: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-19: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-20: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-21: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-22: Test 513 (Low Pulse, 6.0 Ib Added Head Weight)
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Figure D-23: Test 509 (Medium Pulse, 4.0 1b Added Head Weight)
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Figure D-24: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-25: Test 509 (Medium Pulse, 4.0 1b Added Head Weight)
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Figure D-26: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-27: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-28: Test 509 (Medium Pulse, 4.0 1b Added Head Weight)
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Figure D-29: Test 509 (Medium Pulse, 4.0 1b Added Head Weight)
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Figure D-30: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-31: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-32: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-33: Test 509 (Medium Pulse, 4.0 Ib Added Head Weight)
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Figure D-34: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-35: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-36: Test 510 (Medium Pulse, 5.5 b Added Head Weight)
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Figure D-37: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-38: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-39: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-40: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-41: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-42: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-43: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-44: Test 510 (Medium Pulse, 5.5 Ib Added Head Weight)
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Figure D-45: Test 511 (Medium Pulse, 6.0 1b Added Head Weight)
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Figure D-46: Test 511 (Medium Pulse, 6.0 1b Added Head Weight)
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Figure D-47: Test 511 (Medium Pulse, 6.0 1b Added Head Weight)
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Figure D-48: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-49: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-50: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-51: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)

Nij
Upper Neck Limit = 0.5 Index

06 Lower Neck Limit = 1.5 Index

0.5

N
~

o
w

= Upper Neck
—Lower Neck

Nij/Nij limit

o
N

0.1

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800
Time (sec)

Figure D-52: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-53: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-54: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-55: Test 511 (Medium Pulse, 6.0 Ib Added Head Weight)
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Figure D-56: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-57: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-58: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-59: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-60: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-61: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-62: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-63: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-64: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-65: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-66: Test 580 (Severe Pulse, 2.8 Ib Added Head Weight)
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Figure D-67: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-68: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-69: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-70: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-71: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-72: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)

283 APPENDIX D



NAWCADPAX/TR-2004/86

Axial Force (Ibs)

Nij/Nij limit

Lower Neck Nij

4000

3000

2000

1000

-1000

-2000

-3000
-3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Flexion/Extension Moment (in-lbs)

Figure D-73: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-74: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-75: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-76: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-77: Test 581 (Severe Pulse, 3.5 Ib Added Head Weight)
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Figure D-78: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-79: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-80: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-81: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-82: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-83: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-84: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-85: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-86: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-87: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-88: Test 582 (Severe Pulse, 4.0 Ib Added Head Weight)
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Figure D-89: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Figure D-90: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Upper & Lower Neck Shear Force
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Figure D-91: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Figure D-92: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Neck Pitch Moment (in-lbs)
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Figure D-93: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Figure D-94: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Lower Neck Nij
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Figure D-95: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Figure D-96: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Neck Tension Load Duration
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Figure D-97: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Figure D-98: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Shear Load (Ibs)
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Figure D-99: Test 583 (Severe Pulse, 5.0 Ib Added Head Weight)
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Figure D-100: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Head Resultant Acceleration

60

50

Py
o

Head Acceleration (G)
N w
o o

0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200
Time (sec)

Figure D-101: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-102: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-103: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-104: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Axial Force (lbs)
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Figure D-105: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-106: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-107: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-108: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-109: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-110: Test 584 (Severe Pulse, 5.5 1b Added Head Weight)
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Figure D-111: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-112: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-113: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)

Upper & Lower Neck Axial Force

1000
800
600

400

——Upper Neck

200
——Lower Neck

Neck Axial Force (lbs)

-200

-400

-600
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140 0.160 0.180 0.200

Time (sec)

Figure D-114: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-115: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-116: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-117: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-118: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-119: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-120: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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Figure D-121: Test 585 (Severe Pulse, 6.0 1b Added Head Weight)
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APPENDIX E
FIGURES
(EFFECT OF AVIATOR SIZE, HELMET MASS PROPERTIES, AND PULSE SEVERITY)
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Test Conditions
{Manikin - Pulse)

Srnall Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -
Small Female -

Low Pulse
Low Pulse
Low Pulse
Low Pulse
Medium Pulse
Medium Pulse
Mediurm Pulse
Mediurm Pulse
Mediurm Pulse
Medium Pulse
Medium Pulse
Medium Pulse
hledium Pulse
Severe Pulse
Severe Pulse
Severe Pulse
Severe Pulse

hid-Male - Low Pulse
hid-Male - Low Pulse
hid-Male - Medium Pulse
Mid-Male - Medium Pulse
Mid-Male - Medium Pulse
Mid-fale - Medium Pulse
Mid-fale - Medium Pulse
Mid-fale - Medium Pulse
Mid-Male - Medium Pulse
Mid-Male - Medium Pulse
Mid-Male - Medium Pulse
Mid-Male - Medium Pulse
Mid-Male - Severe Pulse
Mid-Male - Severe Pulse
Mid-Male - Severe Pulse
Mid-Male - Severe Pulse

Large Male - Low Pulse
Large Male - Low Pulse
Large Male - Medium Pulse
Large Male - Medium Fulse
Large Male - Medium Fulse
Large Male - Severe Pulse
Large Male - Severe Pulse
Large Male - Severe Pulse
Large Male - Severe Pulse
Large Male - Severe Pulse
Large Male - Severe Pulse

Table E-1: Max Values of Recorded Data for all Tests

Test Add Head Wt CG Rad DeltaV Head Thorax Head +Fx Head +Fz Head -Fz Head +My Head -My Meck +Fx Neck +Fz Neck -Fz Neck +My Neck -My Head

#

a14
515
516
217
577
518
578
579
519
520
821
522
523
a37
538
5349
540

812

a09
410
a11
560
a1
562
583
584
585

(Ihs)

{in)

(ft's)

2508
25.30
24.94
24.98
324
31.60
31.99
32.34
31.48
31.70
31.71
31.64
31.62
50.28
50.05
50.34
50.05

2523
24.74

(G)

18.7
233
26.3
2B.7
253
34.5
283
30.7
353
34.9
35.8
4.7
33.6
43.9
56.6
56.6
61.5

183

47.0

(G

211
26.0
280
27
231
36.2
290
31.2
37.4
36.9
379
4268
377
26.2
276
317
337

20.0

254

(Ihs)

90.5

(Ihs)

132.7
167.4
179.0
1776
154.5
23986
24986
2693
1921
21338
2347
2299
23583
576.7
7856
706.2
7646

191.8
189.9

310

(Ibs)

-209.4
-304.6
-360.4
-362.0
-2327
4226
-327 .8
-363.7
-483.0
-445.8
-489.4
-548.6
-452 6
-139.1
-139.1
-143.8
-155.5

-356.8
-420.3

{in-1hs)

3224
493.0
543.3
545.4
373
B27 .6
511.7
5758.4
B30.7
B94.2
754.9
813.5
G22.3
1310.4
1270.9
1202.6
1213.8

484.9
o793
795.4

{in-1hs)

-106.5
-189.9
-236.2
-217.4
-162.2
-2427
-305.2
-386.2
-267.8
-243.5
-263.0
-264.4
-241.6
-238.6
-276.3
-256.2
-299.6

-2927
-336.4

(Ihs)

1138
108.6
117.9
128.5
102.5
155.0
138.6
165.2
140.4
140.2
165.1
166.8
195.9
4021
4757
437.0
4058.8

155.4
155.9

(Ibs)

103.9
1412
165.0
160.7
160.4
202.2
28581
304.3
1775
1829
188.4
194.0
1797
585.6
312.3
714.3
7B1.2

170.8
191.3
326.6

(Ibs)

-292.4
-402.9
-465.6
4737
-309.7
-556.6
-429.4
4730
B11.5
5819
-530.2
595.3
-563.9
-352.9
-405.2
-375.0
-404.9

-435.7
-4585.7

{in-1bs)

781.4

9028

930.0

9208

921.9

1307.5
1116.7
11097
1100.8
1186.1
1354.9
1380.2
1436.9
747
3009.0
27298
302000

1156.7
1217.2
2051.2
1785.6
1802.1
2343.3
1347.5
1793.5
2007 .4
1971.4
1891.7
1874.6
5830.9
5397.2
B0B0.3
B370.9

1465.4
1444.3
1399.9
1760.5
1861.0
4927.8
8981.7
B453.4
B320.2
74317
B702.9

Neck
{in-lbs) Nij = Hij
-150.1 029 | 0BG
B2 | 039 077
618 | 0.49 080
-1808 | 048 078
1226 | 036 | 0.82
1923 | 052 116
1116 | 063 | 1.00
-80.7 077 097
1745 | 061 | D95
1718 | 053 | 1.03
1854 | 0B 121
1874 | 0B9 | 1.22
2021 065 | 1.27
2741 1.02 | 2.40
3563 | 1.04 | 26
5303 | 096 241
5803 | 1.02 | 2E6
-341.1 035 044
3126 | 039 0.48
3163 | 033 | 081
3204 041 | 070
2499 | 042 | 0.8
2544 | 044 | 095
2981 0.44 055
402.3 | 045 | 0.70
3277 028 | 0E7
2940 | 030 | 0B85
2742 032 | 08B0
2668 | 035 | 079
-12401 | 068 | 252
-1289.8 | 070 230
9581 084 258
-11438 084  2E9
3669 | 030 | 0.40
2658.0 | 029 | 042
3182 029 |04
4263 | 026 | 0.49
3734 038 | 065
-1050.0 | 046 | 162
917.0 | 082 | 1.67
-1064.3 | 063 | 1.96
-11108 | 068 | 215
-10020 075 226
-1005.4 | 072 205
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Added Head Weight vs. Peak Nij

Small Female Tests - Low Severity Pulse
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Figure E-1: Peak Nij Values (Small Female, Low Severity Pulse)

Added Head Weight vs. Peak Nij
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Figure E-2: Peak Nij Values (Small Female, Medium Severity Pulse)
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Added Head Weight vs. Peak Nij

Small Female Tests - High Severity Pulse
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Figure E-3: Peak Nij Values (Small Female, High Severity Pulse)

Added Head Weight vs. Peak Nij
Mid-Male Tests - Low Severity Pulse
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Figure E-4: Peak Nij Values (Mid-Male, Low Severity Pulse)

312 APPENDIX E



NAWCADPAX/TR-2004/86

Added Head Weight vs. Peak Nij
Mid-Male Tests - Medium Severity Pulse
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Figure E-5: Peak Nij Values (Mid-Male, Medium Severity Pulse)

Added Head Weight vs. Peak Nij
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Figure E-6: Peak Nij Values (Mid-Male, High Severity Pulse)
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Added Head Weight vs. Peak Nij

Large Male Tests - Low Severity Pulse
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Figure E-7: Peak Nij Values (Large Male, Low Severity Pulse)
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Figure E-8: Peak Nij Values (Large Male, Medium Severity Pulse)
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Added Head Weight vs. Peak Nij
Large Male Tests - High Severity Pulse
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Figure E-9: Peak Nij Values (Large Male, High Severity Pulse)
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APPENDIX F
STILL PHOTOGRAPHS
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Figure F-1: Overall Test Setup

Figure F-2: Load Cell Integrated into 4-Point Restraint Yoke
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Figure F-3: Front Overhead View of Typical Test Setup

Figure F-4: Small Female with 4 Ib Added Head Mass
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Figure F-6: Mid-size Male with 4 Ib Added Head Mass
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Figure F-8: Large Male with 4 1b Added Head Mass
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Figure F-9: Large Male with 6 Ib Added Head Mass

322 APPENDIX F



NAWCADPAX/TR-2004/86

APPENDIX G
NECK INJURY CRITERIA

NECK TENSION LIMITS

The maximum acceptable neck tension (lifting force) limits measured at the occipital condyles (C0O-C1,
upper neck) and cervical vertebrae (C7-T1, lower neck) are defined in table G-1 (use linear interpolation
for intermediate values in force and time duration) and graphically displayed in figure G-1. These limits
represent the maximum allowable load that can be sustained for a given duration.

Table G-1: Neck Tension Force and Duration Limits for a Given Occupant Size

Small Female Hybrid Large Male Hybrid
III Type Manikin Mid-Size Male Hybrid III Type Manikin

(96 to 118 1b) 11T Type Manikin (200 to 245 1b)

Tension Tension Tension

Duration | at CO-C1 & C7-T1 | Duration | at CO-C1 & C7-T1 | Duration | at CO-C1 & C7-T1

(msec) (Ib) (msec) (Ib) (msec) (Ib)
5 414 5 618 5 761
31 414 35 618 37 761
40 200 45 320 48 450
80 200 80 320 80 450

Neck Tension Duration Limits

C0-C1 & C7-T1
900
== Small Female
800 4 == \id Male
[
700 | == arge Male
600 =
m
2
= 500 -
3
S |
2 400 - B
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2
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100 -
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Time Duration (ms)

Figure G-1: Neck Tension Duration Limits (C0-C1 and C7-T1)

NECK COMPRESSION LIMITS

The maximum acceptable cervical compression force limits are defined in table G-2 (use linear
interpolation for intermediate values in force and time duration) and graphically displayed in figure G-2.
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Table G-2: Neck Compression Force Limits for a Given Occupant Size

Small Female Hybrid Large Male Hybrid III Type
II Type Manikin Mid-Size Male Hybrid Manikin
(96 to 118 1b) 11 Type Manikin (200 to 245 1b)
Compression Compression Compression
Duration | at C0-C1 & C7-T1 | Duration | at C0-C1 & C7-T1 | Duration | at C0-C1 & C7-T1
(msec) (Ib) (msec) (Ib) (msec) (Ib)
5 519 5 790 5 979
27 200 30 320 32 450
80 200 80 320 80 450
Neck Compression Duration Limits
C0-C1 & C7-T1
1200
1000 1 == Small Female
=&~ \id Male
@ 800
2 =#=Large Male
_g 600 -
§ 400 - .
|
200 1 |
0 T T T T T T T
0 10 20 30 40 50 60 70 80 90
Duration (ms)
Figure G-2: Neck Compression Duration Limits (Co-C1 and C7-T1)
NECK SHEAR FORCE LIMITS

The maximum acceptable cervical shear force limits are defined in table G-3 (use linear interpolation for
intermediate values in force and time duration) and graphically displayed in figures G-3 and G-4.
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Table G-3: Neck Shear Force Limits for a Given Occupant Size

Small Female Hybrid Large Male Hybrid III Type
I Type Manikin Mid-Size Male Hybrid Manikin
(96 to 118 1b) 11 Type Manikin (200 to 245 1b)
Duration Resultant Shear Duration Resultant Shear Duration Resultant Shear
(msec) at C0-C1 (Ib) (msec) at C0-C1 (Ib) (msec) at C0O-C1 (Ib)
5 405 5 625 5 777
20 225 25 337 28 414
29 225 35 337 39 414
37 165 45 247 50 304
80 165 80 247 80 304
Duration Resultant Shear Duration Resultant Shear Duration Resultant Shear
(msec) at C7-T1 (Ib) (msec) at C7-T1 (Ib) (msec) at C7-T1 (Ib)
5 810 5 1250 5 1554
20 450 25 674 28 828
29 450 35 674 39 828
37 330 45 494 50 608
80 330 80 494 80 608
Neck Shear Duration Limts
Co0-C1
900
800 4 == Small Female C0-C1
== \lid Male CO-C1
700 A
=~| arge Male C0-C1
600 -
% 500 -
;, 400 -
&
300 1 |
|
200 -
l
100 |
0 10 20 30 40 50 60 70 80 90

Duration (ms)

Figure G-3: Neck Shear Duration Limits (C0-C1)
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Neck Shear Duration Limits
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Figure G-4: Neck Shear Duration Limits (C7-T1)

COMBINED NECK MOMENT AND LOAD LIMITS

The maximum combined-cervical-force-and-moment limit, expressed as Neck Injury Criteria (Nij), is 0.5,
as measured at the occipital condyles (CO-C1). The maximum Nij as measured at the cervical vertebrae
(C7-T1) is 1.5. Nij is not applied for pure tension or compression. Nij is calculated from the following
equation:

where:

F, is the axial tension/compression load.

Fiu: 1s the critical intercept load (defined in table G-4).
M, is the flexion/extension bending moment.

M, is the critical intercept moment (defined in table G-4 and graphically displayed in figures G-5 and
G-6).
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Axial Force (lbs)

Table G-4: Critical Intercept Values for Nij Calculation at CO-C1 for a Given Occupant Size

Small Female Hybrid | Mid-Size Male | Large Male Hybrid I1I
1T Type Manikin Hybrid III Type Type Manikin
(96 to 118 1b) Manikin (200 to 245 Ib)
Tension (Ib) (+F,) 964 1,530 1,847
Compression (Ib) (-F,) 872 1,385 1,673
Flexion (in.-1b) (+My) 1,372 2,744 3,673
Extension (in.-1b) (-My) 593 1,195 1,584
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Figure G-5: Upper Neck Nij
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Axial Force (Ibs)
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Figure G-6: Lower Neck Nijj
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